Crying is a universal vocalization in human infants, as well as in the infants of other mammals. Little is known about the neural structures underlying cry production, or the circuitry that mediates a caregiver's response to cry sounds. In this review, the specific structures known or suspected to be involved in this circuit are identified, along with neurochemical systems and hormones for which evidence suggests a role in responding to infants and infant cries. In addition, evidence that crying elicits parental responses in different mammals is presented. An argument is made for including 'crying' as a functional category in the vocal repertoire of all mammalian infants (and the adults of some species). The prevailing neural model for crying production considers forebrain structures to be dispensable. However, evidence for the anterior cingulate gyrus in cry production, and this structure along with the amygdala and some other forebrain areas in responding to cries is presented.
Introduction
Describing the neural circuitry that mediates cry production and the neural circuitry in the listener that detects, analyzes and leads to a response to the cries are the two themes of this paper. These two circuits, along with the crying behavior, specifically the acoustic signals, comprise a functional network. This entire behavioral and neural assemblage constitutes a communication network that probably evolved together and which I will refer to as the 'mammalian cry circuit.' A working hypothesis widely accepted in the field is that crying arose early in mammalian evolution as an adaptation for the requirement of maternal contact and sustenance of an infant, where the need to re-establish contact between mother and infant was essential for infant survival in those instances when contact was lost. I wish to endorse the view that the neural circuitry that mediates the calling and response also evolved early in mammalian evolution, and, after diverging into circuitry underlying two classes of cries, has remained largely unchanged to the present day. As behavior doesn't leave a fossil record (nor do the detailed circuits of the brain), these hypotheses are based on a comparative analysis of the signals, the responses to them, and a comparison of the neuroanatomy known to be involved in vocal production and the auditory processing of these signals.
Historical perspective
Research on crying has a long history. Charles Darwin devoted a section of his book on the expression of emotions [20] to 'weeping,' equating this term to 'crying' because, as he pointed out, the term 'weep' comes from the Anglo-Saxon 'wop,' the primary meaning of which is 'outcry.' With the advent of the sound spectrograph, attention turned to the cry sounds of human infants and describing their acoustic characteristics. A series of papers by J. Lind, J. Bosma and H. Truby [58] described the cry of newborn infants along with the vocal tract and respiratory gestures associated with their production from a clinical perspective. Thereafter followed a monograph devoted to an analysis of human infant cry sounds, providing descriptive terminology of acoustic features that persist to this day [118] . Over the next decade and a half, a number of papers addressed crying from clinical and comparative perspectives. Much of this work was brought together in volumes devoted entirely to infant crying [3, 55] . Reviews pertaining to critical acoustic features of crying related to developmental or clinical issues can be found in these volumes. The use of vocalizations as a measure of the distress arising from social separation has become widespread and much of the literature devoted to these calls (hereafter, 'cry ing') is summarized in this article. This research has not been without its critics. Noteworthy was a paper by Blumberg and Sokoloff [8] , who attempted to discredit claims that findings based on the most widely used animal model, the laboratory rat, were a valid measure of emotional expression, but were, instead, a by-product of reflexive abdominal compression. Their asser tion was skillfully and eloquently put to rest in a rejoinder by Panksepp [86] .
Research on the mechanisms underlying crying and cry responding began considerably more recently. Perhaps the first investigator to examine the neurochemical control of crying in mammals was J.P. Scott (reviewed in [104] ), who used dogs as experimental animals. Scott was also the first to conclude that separation distress was not physiologically equivalent to the emotion of anxiety, an important insight as it suggests that the neural pathways underlying the crying associated with social separation are distinct from neural pathways mediating behav ioral manifestations of anxiety. A symposium devoted to the physiological control of mammalian vocalizations featured cry ing in humans and animal models [76] . One paper in that volume summarized the extensive work of Jaak Panksepp and colleagues on the neurochemical and neural control of 'distress vocaliza tions' (separation calls or cries) in a number of animal species [90] , including the first published identification of brain sub strates implicated in production of cries in guinea pigs (based on Herman's 1979 unpublished dissertation [36] ) and chickens (based on Bishop's 1984 unpublished dissertation [7] ). A sym posium devoted to affective neuroscience produced a discussion of critical concepts regarding the analysis of separation-distress systems in the brain [88] . More recent papers are reviewed in the following sections.
What is 'crying'?
Some investigators have taken the position that tearful emis sions mark crying in humans and, as only humans produce tears, only humans, as a consequence, cry. In this paper, it is the emis sions from the vocal tract, not the lachrymal gland, that are of interest.
Descriptions of vocal repertoires in non-human mammals typically do not include a category called 'crying.' Instead, infant vocalizations often are characterized as 'distress calls' or 'sep aration calls' when an infant is separated from its caregiver, a context that can result in extensive vocalizations. Contextu ally, human infants also produce extensive vocalizations when distressed or separated, and most observers readily accept that these sounds comprise a bout of 'crying.' Careful analysis of cry ing in human infants has shown that, while there is variability in the acoustic structure of cries according to the level of dis tress and some evidence in support of individual differences, the attributes that make up cry sounds are readily agreed upon and have been extensively documented in the literature (reviewed, e.g., by [51] and [111] ). It seems reasonable to adopt a simi lar approach to the sounds of non-human mammalian infants, wherein the category of vocalizations made by distressed or separated infants would also be referred to as 'crying.' This would still enable a more detailed breakdown into cry sub types (as is occasionally done with human cry sounds), where appropriate.
Infant cries of mammals in comparative perspective
Many mammalian infants have been found to make char acteristic sounds when distressed. Aside from the contextual similarities, there can be added the structural similarities between the cries of human and non-human mammalian infants. One research group studying domestic cats considered kit tens' cries to be essentially the same sounds, acoustically and functionally, as the cries of human infants [16] . Studies of the 'separation calls' (i.e., cries) of mammalian infants across several mammalian orders have documented acoustic character istics with a common theme. An analysis of the cries of a range of mammals suggested that they shared a basic acoustic structure [73] .
However, acoustic analyses suggest that two basic types of infant cries are produced. One type consists of sounds that are relatively long in duration and rich in acoustic content. Another type, less common, consists of brief click-like transients. The two types appear to be characteristic of species, species-groups and possibly larger taxa. (See [79] for a list of primate exam ples of both types; also see Fig. 1 ). In some species it has been reported that both types co-occur. The first class appears to be characteristic of the majority of mammals, including some that are predominantly nocturnal. The 'click' class is found in a small number of species which also are largely nocturnal, and may represent a separate evolutionary history. One example of the click class would be the infant calls of Garnett's greater bush baby, Otolemur garnettii, a prosimian primate [5, 6] . In stud ies of captive individuals, all infants made similar clicks. Very young infants made clicks when alone or appeared distressed. At older ages, infants made clicks in apparent dialogue with their mothers, who emitted short growls [5] . In a related species of prosimian primate, the Lesser Bushbaby (Galago moholi), Mascagni and Doyle [67] reported that infants are capable of producing click-like distress calls from the earliest age. The main function of this call appeared to alert and guide the mother to the infant, in those instances where contact between mother and infant was lost.
Newman [71] , in pointing out the structural similarities of the separation-induced cries of human and many non-human pri mate infants, argued that these were essentially the same sounds. Where differences in certain structural parameters occurred, these could largely be accounted for by differences in the size of the vocalizer, such that relatively larger infants made cries that were longer in duration and lower in fundamental frequency as a consequence of the more massive vocal folds and larger lung capacity. Moreover, Newman [77] reported that exam ples of both Old World (macaque) and New World (marmoset) primate lineages shared the same basic developmental course in terms of their crying behavior. This convergent ontogenetic course, together with the broadly similar acoustic structure of the cries of most primates, suggests either that cry acoustic struc ture arose early in primate evolution and has remained little changed, or that there has been a large degree of convergent evolution toward an acoustic structure that is highly adaptive in a variety of habitats and social settings. One way to resolve these alternative hypotheses is to examine the underlying brain mechanisms mediating cry production and perception. Evidence that the same neural circuitry underlies crying in a wide range of mammals would support the idea that an evolutionarily con served system arose early and has remained largely unchanged. It would also validate the use of non-human mammals as models for learning about the cry circuit in humans.
The neural mechanisms underlying crying
The literature on the neural basis of infant crying in humans is, not surprising, both sparse and largely inferential. However, a neural model of infant crying might be called the 'brainstem model' as it concludes that no structures rostral to the midbrain are required, at least during the first few months of an infant's life. This view appears to have arisen, in part, from reports that anencephalic infants cry. The precise nature of such crying appears to be lacking. Some information comes from evaluation of a hydranencephalic infant, in which the cerebral hemispheres were largely absent, although the basal ganglia, cerebellum and brainstem were present and without any gross abnormalities. This infant was reported to have a shrill cry at 30 h post-partum and at 6 weeks of age the cry was shrill and weak [2] . Another study [80] , in this case of a true anencephalic infant, reported that the infant "cried weakly but otherwise like any other infant (p. 389)." A post-mortem examination of the brain revealed that there was no brain tissue above the mesencephalic level, includ ing the lack of a recognizable thalamus. A number of studies have been conducted in animals that provide evidence in sup port of a brainstem model of crying. Kyuhou and Gemba [50] found in guinea pigs that the species-specific isolation call could be elicited by electrical stimulation of the rostral periaqueductal gray (PAG) of the midbrain. In a study of infant rats, precollicu lar decerebrations of 8-day-old rats did not eliminate ultrasonic vocalizations given in response to social isolation and cooling [68] . The authors concluded (p. 1114): "The present results con stitute proof that neural circuits at or caudal to the level of the midbrain are sufficient for organizing the week-old rat's vocal response to cooling and isolation."
Perhaps the earliest experimental evidence that brainstem structures can elaborate a cry in the absence of the forebrain came from a study in cats [65] . Cats were decerebrated just behind the diencephalon. Electrodes were placed on the cut sur face of the midbrain or inserted deep into the caudal brainstem. Cries were elicited from the rostral midbrain, including PAG and extending through the dorsal part and into the lateral and ventral portions of the tegmental area.
In intact adult squirrel monkeys, 'chirping' (a category of vocalizations that includes the species-specific cry given when separated) could be elicited in the brainstem caudal to the diencephalon in the caudal periaqueductal gray and along the caudal spinothalamic tract [43] . In awake, intact macaque mon keys, recording with microelectrodes from the PAG found a close association between unit activity and vocalization. In one female, in which the predominant vocalizations were 'coos' (the species-specific isolation call), a cluster of units in the PAG were associated with vocalization [52] .
Chemical stimulation of the brainstem has successfully evoked vocalization in several studies. Injection of d,l homocysteic acid (an excitatory amino acid) into the caudal PAG of unanesthetized, precollicular decerebrated cats resulted in voiced sounds (howl, mew, growl) [126] . In cats, it is possi ble to evoke mewing sounds in adults by electrically stimulating a region in the ventrolateral pons [21] . Brain stimulation stud ies of the PAG or adjacent tegmentum in adult mammals have, for the most part, found that crying is rarely produced, even in species such as the squirrel monkey, where 'crying' (isolation calls) continues into adulthood. One exception to this, however, is a study with anesthetized guinea pigs [90] . There, electri cal stimulation of sites within and adjacent to the PAG produced 'distress vocalizations' (judged by the authors to be equivalent to separation-induced vocalizations). In a study using adult squir rel monkeys, Newman and MacLean [75] found that bilateral lesions of the ventral PAG and adjacent midbrain tegmentum eliminated nearly entirely the production of spontaneous isola tion calls, although other calls appeared to be unaffected. This same study reported that bilateral lesions of the thalamic tegmen tum resulted in production of abnormal isolation calls, without changing the motivation to vocalize.
In humans, studies of brain function during crying do not exist. However, in adults, a PET study found that during voiced speech (which shares some laryngeal control mechanisms with crying), blood flow increased in the PAG, as well as the cerebellar vermis and parts of the thalamus [103] . This study also found activation in cortical regions (see below).
Forebrain mechanisms of cry production
As mentioned above, the existing model for cry production is essentially a brainstem model, with no role for the cortex, and with limited evidence for other structures within the cere bral hemispheres playing a role in manipulating crying behavior. However, one cortical region is now recognized to be involved in vocal production, and some evidence in non-human primates supports its role in crying. The region in question is the cin gulate gyrus, also referred to as 'limbic cortex', particularly in non-primate mammals where its differentiation is less well developed. As outlined by MacLean [62] , the thalamo-cingulate pathway is one of the three major divisions of the limbic system, the others being the amygdalar and septal divisions. MacLean reasoned that since the thalamo-cingulate division had no clear counterpart in non-mammalian vertebrates, it probably served functions that were unique to mammals. Among the functions he considered were infant crying and mother-infant commu nication [61, 63] . Evidence for a role of the cingular cortex in vocalization comes from a variety of sources. Smith [110] , work ing with macaque monkeys lightly anesthetized with ether, found that electrical stimulation of the exposed surface of the anterior cingulate gyrus resulted in complex movements and autonomic changes. Smith's observations deserve repeating in their entirety (p. 242-3):"The most striking response obtained from the ros tral cingular cortex is vocalization, identical to that which the animal makes under the usual conditions of laboratory exis tence." Later, he goes on to say (p. 243):"The sounds emitted run nearly the whole gamut which the monkey is capable of producing and are impossible to describe in writing. While the low-pitched guttural sound is the one most frequently obtained, it gives place at times to higher pitched cooing sounds, at other times to cries, soft and plaintive, such as the animals make at feeding time." Anatomically, the electrically responsive cortex fell within Brodmann's area 24, a region that is cytoarchitec tonically agranular and without clear cortical layers. Area 23, comprising the caudal portion of the cingulate gyrus and cytoar chitectonically distinct in having granularity and layering, was unresponsive to electrical stimulation. The 'cooing sounds' men tioned in this paper are likely acoustically similar to the cry sounds of rhesus infants (see [32] for a detailed acoustic analy sis), hence Smith's study represents perhaps the first indication that the anterior cingulate region is part of the cry circuit, at least in non-human primates. In an extensive study involving lightly anesthetized monkeys (macaques and guenons), cats and dogs, Kaada [44] found that vocalizations could be evoked in about half of the monkeys (but none of the cats or dogs) by stimulating the anterior ends of the limbic and hippocampal gyri. The effec tive region was quite localized, being limited to "an area in the forward upper portion of the limbic gyrus, and to banks of the cingulate sulcus" (p. 164). As was the case with Smith's 1945 study, the vocalizations resembled those heard from monkeys daily in their home cage, and varied from low cooing sounds to high pitched cries. Bilateral ablation of motor cortex was with out effect on the vocalization evoked by stimulating limbic or hippocampal cortex. In 1967, Robinson [99] published the first detailed study of electrically evoked vocalization in awake pri mates. In his study, the subjects were male macaques, chaired and restrained so that electrodes could be lowered systematically and a wide area of the brain covered. Notable was the finding that positive stimulation sites were found in and near the ante rior cingulate gyrus. The typical evoked vocalization from this region was characterized as ". . .a soft, high-pitched descending call similar to the separation call . . .(p. 349) ." Soon thereafter, Jürgens and Ploog [43] did a similar study in awake squirrel monkeys. In this case, the neuroanatomically identified positive sites for vocalization were supported with audiospectrographic displays of the evoked vocalizations. The results were broken down by type of vocalization evoked and the associated neu roanatomical sites from which each vocal sub-type was evoked. Their 'chirping calls' category, including the species-specific separation call, could be evoked by stimulation in the anterior cingulate gyrus (and the subcallosal cortex immediately ven tral to it), the midline thalamus, rostral hippocampus, caudal periaqueductal gray, and along the caudal spinothalamic tract.
Lesioning studies of the anterior cingulate gyrus support the brain stimulation studies cited above. MacLean and Newman [64] reported that ablation of the rostral midline cortex, includ ing areas 24, 25 and 12 (as defined by Rosabal [100] ) resulted in long-lasting elimination or profound reduction in production of separation-induced cries in adult squirrel monkeys. Ablation of the overlying neocortex had only transient effect on separa tion call production. Calls produced in other contexts, including feeding, physical restraint and alarm, appeared to be unaffected. In a series of experiments aimed at testing the role of the cere bral cortex in controlling monkey phonation, it was found that ablations of transitional parieto-occipital cortex and temporal association cortex had no effect on conditioned vocalizations, whereas bilateral removal of the anterior cingulate and subcal losal gyrus resulted in loss of the ability to produce conditioned vocalizations [114] . In all subjects, the call emitted at the end of the conditioning process was a prolonged coo. Interpreta tion of the effects of cingulate damage remains uncertain, given that cingulate lesions affect the overall social interaction with familiar conspecifics [33] .
One other forebrain structure implicated in crying is the amygdala. One study, using infant rhesus macaques, demon strated that bilateral ablations led to changes in cry structure suggestive of a blunted affect [78] . Another study in which neonatal ablations of the amygdala was performed and infants tested shortly after weaning, found that lesioned animals screamed less and failed to show a preference for their mother in tests involving dyadic interactions with the mother or another female [4] .
No study has been performed on brain activation during cry ing in human infants. However, given the likelihood that similar laryngeal action is involved in both crying and production of voiced sounds in adults, a PET study describing cortical activa tion during production of voiced speech is of interest. Shulz, et al. [103] found significant elevation of regional blood flow in the inferior operculum of the prefrontal gyrus, the medial prefrontal cortex and the anterior cingulate cortex in voiced but not during whispered speech.
Neurochemical control of crying
Given the lack of widespread acceptance of 'crying' as a func tional category in animal communication, it is not surprising that the neural basis of crying from a comparative perspective has been correspondingly neglected. Nevertheless, if one accepts that the distress calls of separated infants represent crying, then a literature on the neurochemistry of crying is rather extensive. A seminal paper titled 'The Neurochemical Control of Crying' [89] dealt with behavioral pharmacological studies of domestic chicks. As will be reviewed below, many of the same neuro chemical systems shown to mediate distress calling ('crying') in chicks are also active in mammals, but the importance of a particular neural system found only in mammals (the thalamo cingulate division of the limbic system of MacLean) will limit this review to the mammalian literature for the most part. The neurochemical system most clearly associated with crying is the opiate system. Panksepp, et al. [87] reviewed the literature for an opioid effect on separation-induced crying in puppies, young guinea pigs and chicks. These authors made a clear case for recognizing social attachment, and its vocal concomitants when separation between an infant and its attachment figure occurs, as a primary emotion. As they state (p. 473):"This reaction [crying] to separation is immediate, reflex-like and consistent across dif ferent animals, and its expression appears to require no previous learning." They state further (p. 473): "Because of the vigor and ubiquity of this emotional response to social separation, it seems likely that social motivation is a direct manifestation of innate neural circuits which are as spontaneously responsive as those which govern other basic motivated behavior patterns such as feeding and drinking." Morphine (classical opiate agonist) and naloxone (opiate antagonist) have been widely used in exper imental studies, and a reduction in crying following morphine which is reversible or blocked by naloxone is taken as evidence for the activation of an endogenous opiatergic system. Subse quent experiments with guinea pigs demonstrated that centrally evoked distress cries could be modulated by externally admin istered naloxone, in that the drug resulted in an increase in rate of calling for a given set of stimulation parameters [37] . Other investigators have provided additional evidence for an important role for opiates in modulating the vocal response to social separa tion. Kalin, et al. [45] found that morphine significantly reduced isolation-induced cries in rhesus macaque infants, naloxone sig nificantly increased the cries over control (no drug) levels, and that naloxone blocked the morphine effect. Preweanling rat pups, along with their importance as developmental models in other studies, have been found to exhibit an opioid-sensitive crying response when separated from littermates and dam. As there are several sub-types of opioid receptors in the brain (morphine and naloxone working at the mu receptor), studies have attempted to determine which receptor sub-types are involved in rat pup isolation calling. Carden, et al. [17] found that ligands that are agonists to mu, delta and kappa opioid receptors all effect crying rate in rat pups. However, while the mu and delta agonists sup pressed crying, the kappa agonist actually increased crying. The authors concluded that the three receptor sub-types may work in concert or in opposition to each other, or may function inde pendently within individual time frames. Precisely where in the brain these opioid-based changes in crying occur is a topic of great interest and importance. Based on a review of the litera ture, Panksepp, et al. [91] concluded that the highest brain region elaborating social loss is the cingulate gyrus and related connec tions. With this in mind, it is of considerable interest that opiate receptor density in the limbic cortex of rats (which includes the cingulate gyrus) is high [56] . Similarly, high levels of opiate receptor were found in the cingulate cortex of rhesus macaque monkeys [123] .
Another neurochemical receptor system implicated in infant crying is the alpha-2 adrenoreceptor system. In a non-human primate, Harris and Newman [34] found that the alpha2 adrenoreceptor agonist clonidine reduced isolation calls in adults in a dose-dependent manner. This effect was reversed by the alpha2-adrenoreceptor antagonist yohimbine, but not by the alpha1-adrenoreceptor antagonist prazosin. Another study [69] confirmed the increased crying following administration of a kappa receptor agonist, and found that an alpha-2 adrenoreceptor antagonist, yohimbine, attenuated kappa agonist-induced crying increases, as well as attenuating crying increases due to an alpha 2 adrenoreceptor agonist, clonidine. The authors concluded that a shared mechanism underlies the effects of clonidine and the K-agonist on infant rat pup crying. Kehoe [47] , working with rat pups, likewise implicated alpha2-adrenergic mechanisms in isolation-induced crying. Here, clonidine exerts different effects depending on the age of the infant. At 10 days of age, clonidine produced a dose-dependent increase in crying, whereas at 17 days, clonidine had a differential effect, increasing crying at some doses, but reducing crying at other doses.
Other neurochemical systems have been implicated in reg ulating isolation call production, e.g., [9, 40, 42, 46, 122] . These include the benzodiazepine receptor complex, as well as cholin ergic and serotonergic pathways. A review of some of the evidence for neurochemical control of vocalizations in anxietyprovoking circumstances has been presented by Newman [72] . In addition, the neuropeptides vasopressin (AVP) and oxytocin (OT) have attracted a lot of interest, due to the evidence that they are involved in regulating social attachment behavior in rodents and non-human primates [39, 41, 42, 49, 70, 92, 120, 121] .
The question of where neuropeptides and neurotransmitter receptor ligands exert their action in the brain is of paramount importance. Both OT and AVP have been localized to the amyg dala, both with respect to receptors and to the effects of these neuropeptides on specific neuronal populations, e.g., [38] and [125] . OT in the medial amygdala has also been implicated in the processes underlying early social recognition in mice [27] .
Crying in the ear of the beholder: the perceptual side of the cry circuit
Crying is typically a loud and conspicuous behavior. Given by a helpless infant would put the infant at great risk for discovery and predation were it not for the fact that the infant's mother or other caregiver hears and responds to the cries, as well. Since the mother usually has a better notion of where the crying infant is than a potential predator does, and is also likely to respond more quickly to the cries in a noisy environment where there are lots of other competing sounds, this crying and retrieval behavioral circuit has likely been strongly selected for over the course of mammalian evolution. A number of studies have been conducted on portions of the mammalian auditory pathways with respect to species-specific vocalization responses. In cats, medial genicu late (auditory thalamic area) nucleus units were found responsive to the kitten isolation call, with approximately 30% in the cau dal division responding only to the vocal stimulus and not to other auditory stimuli [15] . In the cat auditory cortex, kitten meow evoked responses were found in a number of multi-unit records. However, responses in general were stronger to lowor high-frequency harmonics of the natural call than to the call, itself [30] . In squirrel monkeys, the species-specific isolation call evokes responses from single units in the auditory cortex. How ever, responses were mainly to specific temporal components of the vocal stimulus [74, 124] .
Crying and parental behavior
The internal neural substrates mediating parenting behavior have been examined, although much of this work has been done only in laboratory rat females. An in-depth review of the litera ture on the neural substrates of rat maternal behavior is beyond the scope of this paper. However, some of this work is of rel evance to the present paper, as infant vocal behavior has been used as a measure of lesion effects on maternal behavior. First, however, the evidence that infant cries elicit maternal (parental) behavior needs to be examined.
Mother rats (Rattus norvegicus) approach and maintain prox imity to a pup that is emitting cries (ultrasonic vocalizations) significantly more than do virgin rats [25] . This study showed that a warm, silent pup together with recorded ultrasounds was required to elicit approach of maternal or virgin females, the for mer remaining in proximity of the pup for a significantly longer period of time. A subsequent experiment [26] demonstrated that odors from the pup were important in a mother seeking a pup and maintaining close proximity. Thus, based on these experi ments, the pup cries were insufficient, by themselves, to elicit parental behavior in mothers but did appear to activate the ini tial seeking behavior. Similar experiments with mice have shown the importance of infant cries on maternal responsiveness, e.g., [82] (and conversely, the importance of maternal attentiveness on the amount of infant crying [19] ). Some information is avail able on the acoustic dimensions of rodent pup ultrasounds in eliciting maternal responding. Ehret and Haack [24] found that synthesized tones of a limited range of durations and major fre quency components above 40 kHz elicited responses as strong as the natural ultrasonic calls of mouse pups. The neural cir cuitry underlying this response appears to be lateralized to the left hemisphere [23] .
Evidence for caregiver responses to crying exists in other mammals. In humans, where crying has long been a subject of interest in the developmental psychology and pediatric literature, e.g. [51, 111, 119] , the responsiveness of the mother to an infant's cry has been studied in detail. In non-human primates, playback studies have shown that a squirrel monkey mother recognizes its infant, based solely on the individual acoustic characteristics of its cries [115] . Similarly, mothers responded to the calls of their own infant more than to the calls of an unrelated infant in Japanese macaques [109] . In domestic sheep, ewes and lambs exchange bleats, apparently playing a role in facilitating recog nition each other and distinguishing the mother/infant pair from other ewes and lambs [117] . In sheep, a simple frequency code distinguishes the calls of different mothers and infants [105] . In other herd-living mammals, infants likewise recognize their mothers based on the acoustic structure of their vocalizations (e.g., fur seals [18] ). In bottlenose dolphins, mothers and off spring engage in vocal exchanges using 'signature whistles,' highly stable calls wherein the detailed acoustic structure of male (but not female) offspring whistles match those of the mother [102] .
The neural circuitry underlying cry perception
The neural structures mediating recognition of cries in humans have not been studied extensively, but some informa tion is available. An fMRI study of maternally experienced women provided evidence of activation by the cries of human neonates in several brain areas, notably the anterior cingulate cortex [59] , as well as other forebrain structures [60] . A similar study using infant cries tested parents and nonparents. Paradox ically, this study showed that the anterior cingulate gyrus had decreased activity in women, whether parents or not. Parents of both sexes showed a greater activation in the amygdala to cries than to laughter [106] . One study in which cry sounds were produced by adult actors, found that the right amygdala was activated to a greater extent than the corresponding region in the left hemisphere [101] . In non-human mammals, some infor mation is available regarding the specific structures in the brain related to maternal responsiveness to crying. Many of the earlier studies, involving assessing the behavioral effects of experi mental destruction or inactivation of specific neural structures in rodents, identified the medial preoptic area (MPOA) as an essential part of the circuit and important in a range of behav ioral elements making up maternal care of infants (reviewed in [83] and [84] ). Other studies, using expression of the c-fos gene, confirmed the importance of the MPOA, as well as other structures implicated in the activation and inhibition of maternal behavior (e.g., [108, 112] ). A recent review [29] has provided more detail regarding which of the various components asso ciated with maternal behavior in rodents can be assigned to specific neural circuits. However, none of the studies specifically identified the circuitry involved in detecting and discriminating infant cries, or the circuitry underlying the activation of caregiver responses to the cries.
Neurochemistry of cry perception
With respect to the neurochemical control of listeners' responses to crying, the literature lacks specificity on this issue. However, there have been studies of the role of opiates and, more recently, of OT, on infant retrieval. Studies by Bridges and Grimm [10, 31] showed that morphine disrupted the onset and quality of maternal responsiveness, an effect that concur rent treatment with naloxone prevented. Subsequently, it was determined that c-fos activity in the MPOA of lactating rats was also reduced by morphine and restored by naloxone [113] . With respect to OT, its effects on maternal behavior were tested directly by administering OT into the cerebral ventricles of intact virgin rats. Nearly half of the subjects displayed full maternal behavior towards foster pups. Saline-or AVP-treated animals showed no maternal behavior. The OT-induced mater nal behavior was facilitated by concomitant administration of estradiol benzoate, to simulate the hormonal status of females in estrus [92] . OT in the nucleus accumbens has been associ ated with parental vigor in caring for pups in the prairie vole [85] . In rats, parturition activates FosB and c-fos, two imme diate early genes, in cells expressing OT receptors as well as in oxytocinergic neurons [57] . Some question has been raised regarding whether OT is essential for normal maternal behavior, given that OT-knockout mice display normal maternal behav ior [81] . In humans, OT administration was found to reduce activation in the amygdala to fear-evoking visual stimuli [49] . No one, as yet, appears to have done a similar study using cry stimuli.
Relationships between infant crying and parental hormones
It is widely accepted that maternal hormones associated with parturition and lactation play an important role in activating and maintaining parental behavior, essential in the mother who must maintain milk production and accept the nursing infant. Con siderable evidence in animal studies has determined that these hormonal changes exert their effects on specific areas of the brain. Recent reviews of these studies can be found in Leckman and Herman [53] and Kinsley and Lambert [48] . Of particular interest is prolactin, a peptide prohormone produced in the ante rior pituitary (as well as other tissues) associated with, among other things, milk production in the mammary glands. In the context of the present paper, it has been shown that exposure to rat pup ultrasounds causes a dramatic increase in prolactin, as well as maternal behaviors in lactating mother rats [35] . Several papers by Bridges and colleagues have established that cen trally administered prolactin (and related placental lactogenic peptides) stimulates maternal behavior in steroid-primed female rats [11] [12] [13] 66] . None of these studies specifically focused on responsiveness to infant crying in response to the prolactin administration. While evidence for prolactin release associated with infant crying in human mothers appears to be lacking, human fathers do show a relationship between their emotional responses to infant crying and prolactin levels [28] . One study has reported that crying increases the temperature of the lactating breast [116] . Prolactin has also been associated with infant car rying in non-human primates. Prolactin levels are elevated after infant carrying in marmoset fathers [22] , as well as in parentally inexperienced males and females [97] . Further, bromocriptine, a dopamine agonist, lowers serum prolactin and disrupts parental behavior in marmosets [98] . However, this latter finding has been called into question [1] . A final area of consideration is the relationship between steroid hormones, particularly estrogen, in responding to cries. Lee, et al. [54] showed that mother rats will bar-press to gain access to pups. Similarly, Pryce (reviewed in [93] ) showed that female marmosets will bar-press to gain access to infants, even when the only stimulus is a recording of infant crying. The relationship between these behaviors and estrogen is indirect, but, at least in marmosets (and the related red-bellied tamarin), estrogen levels correlate with level of parental care [94] .
Linkage of the cry circuit to other vocal networks
The cry circuit represents, at least from my perspective, the evolutionarily earliest form of vocal communication network in mammals. Following the emergence of the neural substrates mediating mothers' responding to crying infants by retrieval, and perhaps in roughly this order in evolutionary history, came circuits mediating mothers calling back to their crying infants, followed by the emergence of other vocal signals that fostered closer range communication between mothers and their infants, and by circuits for calling that promoted integrity within larger social groupings. The neural substrates that mediate these dif ferent levels of vocal engagement have scarcely begun to be studied. It seems more likely that incorporation of parts of the cry circuit into other vocal circuits that promote affiliative inter actions has occurred, rather than for each of these sub-types of communication network to have evolved a separate set of circuit elements. However, that remains an issue that will probably be unresolvable with present methods.
Suggestions for future studies
Much remains to be done on defining the mammalian cry cir cuit. Many types of studies that are part of the large field of cry research can contribute. With respect to hormonal modulation of the responsiveness to cries, evidence exists in humans [28] and non-human primates [94] [95] [96] that hormonal status influences responsiveness to cries. This work supplements the extensive evidence using rodents as research subjects that hormonal status has a profound influence on maternal responsiveness to infants, some of which was reviewed earlier in this paper. There is the temptation to focus strictly on the cry circuit as a stand-alone entity in the brain. However, given the strong evidence that caregiver-infant interactions utilize several sensory modalities (particularly, from a comparative perspective, olfaction) it will be important to study the interaction of different modalities in brain circuits related to the perceptual side of the cry circuit. The production side presents somewhat different challenges. The infant cry circuit doubtless changes with development. The nature of the changes, in terms of gene activation and neural architecture, will be technically difficult but conceptual pretty straightforward to determine. Various issues related to the neu- Table 1 Brain structures in the mammalian cry circuit rochemical control of crying remain to be resolved, including the potentiation of crying when the mother is nearby (e.g., [107] ). The growing availability of molecular genetic techniques applied to behavioral phenotypes opens up a huge research area for study, particularly with respect to the role of specific genes in regulating crying and cry responsivity, and the interaction of genetic and environmental factors, e.g., [14] . It is my hope that the present review will serve a useful role in focusing attention on the importance of the cry circuit in mammalian evolution, and help to stimulate a range of future studies.
Discussion and conclusions
I have reviewed the evidence identifying which neural struc tures and related neurochemical systems are part of the 'cry circuit,' i.e., the circuitry underlying the production of cry sounds and the circuitry in the listener that is activated upon hearing cries leading to a behavioral response. Working out the complete cir cuit is far from finished, but a beginning outline of the schematic (on the production side) would include the anterior cingulate gyrus (in particular that part in front of and beneath the genu of the corpus callosum), midline thalamic structures connected to this cortical region (comprising the thalamo-cingulate division of the limbic system of MacLean), possibly the amygdala, por tions of the periaqueductal gray and adjacent tegmental regions of the midbrain, an as-yet poorly defined region in the pons near the spino-thalamic tract, and a portion of the nucleus ambiguus (containing the motor neurons innervating the laryngeal mus cles). On the receiver side, the amygdala, medial preoptic area, cingular gyrus, and portions of temporal lobe auditory cortex are all probably involved, but how they are wired up and under what conditions they become active are unclear. A summary of the relevant structures is presented in Table 1 . As to neurochemical systems implicated in the circuit, the evidence is strongest for the opiatergic system, followed by oxytocin pathways, in both pro duction and receptive parts of the circuit. 'Crying,' as a behavior, is argued to be a ubiquitous mammalian trait, found in all mam malian infants and in the adults of some species. Recognition of the widespread existence and importance of this behavior in the evolution of mammals and in the survival of mammalian infants may generate a more intensive investigation of the neu roanatomical basis of crying than presently exists. Ideally, this will provide benefits to the health of human infants, as well as provide greater insight into an important functional circuit of the mammalian brain. 
